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Abstract

:

Pressure sensitive adhesives based on silicone materials are used particularly for skin adhesion, e.g., the fixation of electrocardiogram (ECG) electrodes or wound dressings. However, adhesion to sensitive tissue structures is not sufficiently addressed due to the risk of damage or rupture. We propose an approach in which a poly-(dimethylsiloxane) (PDMS)-based soft skin adhesive (SSA) acts as cellular scaffold for wound healing. Due to the intrinsically low surface free energy of silicone elastomers, functionalization strategies are needed to promote the attachment and spreading of eukaryotic cells. In the present work, the effect of physical adsorption of three different proteins on the adhesive properties of the soft skin adhesive was investigated. Fibronectin adsorption slightly affects adhesion but significantly improves the cellular interaction of L929 murine fibroblasts with the polymeric surface. Composite films were successfully attached to explanted tympanic membranes. This demonstrates the potential of protein functionalized SSA to act as an adhesive scaffold in delicate biomedical applications.
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1. Introduction


Silicone-based pressure sensitive adhesives (PSA) are widely used as adhesives to wounded skin as they adhere with small applied pressure and after short contact time. Classical application fields include the fixation of electrocardiogram (ECG) patches or of wearable electronic devices [1,2,3]. Silicones are a versatile class of polymeric materials exhibiting a low surface free energy and high flexibility [4]. One of the most extensively used silicone elastomers is poly-(dimethylsiloxane) (PDMS) with broad application as a skin adhesive [1,5,6,7,8]. Recently, a subclass of PDMS, so called soft skin adhesives (SSAs), has been introduced, in particular for gentle skin applications. SSAs have the ability to adhere to rough surfaces including wet skin, exhibit a high water vapor permeability, and good compatibility with pharmaceutical compounds [7,8,9,10]. The gentle attachment and detachment mechanisms enable a reasonable balance between secure adhesion and atraumatic removal. However, due to the hydrophobic nature of PDMS, cellular adhesion and spreading are markedly impaired, making appropriate surface modifications necessary. Cell-material interactions can be improved, e.g., by physical adsorption of proteins or oxygen plasma treatment [11,12,13,14]. Physical protein adsorption is primarily based on molecular interactions such as electrostatic, hydrophobic, van der Waals, or hydrogen bonding [15]. These non-covalent bonds are often weak, compared to covalent bonding, especially in an aqueous environment [16,17].



Due to the virtual absence of functional groups for covalent immobilization in PDMS, surface treatments are commonly applied to introduce silanol groups [18,19]. This includes ultraviolet light (UV), corona, or plasma application. These treatments are frequently performed as an initial process for more complex, durable surface modifications [18,20,21]. However, the adhesive performance of the soft skin adhesive can be significantly diminished after treatment with oxygen- or air plasma, highlighting the need for alternative modification methods [22]. To promote cellular attachment and spreading, fibronectin and fibrinogen have been applied on different substrates, including PDMS [23,24,25]. In contrast, a heparin or albumin coating of biomaterials prevents platelet activation and can inhibit bacterial adhesion [26,27]. So far, it remains an open question to what extent different protein coatings on polymeric surfaces influence their adhesive properties.



In the present paper, we analyze the adhesive properties of single layers and composite films of PDMS, Sylgard 184 and SSA MG 7-9800, by normal adhesion (tack) and peel test, as a function of protein surface functionalization. Additionally, polymeric films were attached to explanted murine tympanic membranes to demonstrate their potential to act as a novel wound dressing. The tympanic membrane, a thin trilamellar structure with an essential function in acoustic wave transmission, can be affected pathophysiologically by perforations [28]. For therapeutic purposes, the application of a synthetic material combining scaffold abilities with adhesive function would be beneficial [29,30].




2. Materials and Methods


2.1. Preparation of Thin Elastomeric Films


Soft Skin Adhesive silicone elastomer (MG 7-9800, SSA) was obtained from Dow Corning (Auburn, MI, USA). Sylgard 184 (Dow Corning, Auburn, MI, USA) was used as a control polymer for the investigation of the protein adsorption in vitro as well as for manufacturing of the composite films. The two components of each PDMS were mixed in a ratio of 1:1 (for SSA) and 10:1 (for Sylgard 184) weight parts and homogenized for 3 min under vacuum at 2350 rpm in a SpeedMixer (DAC600.2 VAC-P, Hauschild Engineering, Hamm, Germany). An automatic doctor blade application machine (AFA-IV, MTI Corporation, Richmond, CA, USA) was used to manufacture single SSA or Sylgard 184 layers (on glass plates) and composite films (on PET foil) consisting of a Sylgard 184 backing layer and a SSA top layer, as shown in Figure 1 [31]. To produce the composite films, a Sylgard 184 layer was applied on an isopropanol cleaned PET foil and cured in an oven (Heraeus Vacutherm, Thermo Fisher Scientific, Waltham, MA, USA) at 95 °C for one hour. After curing, the side edges of the Sylgard 184 film were removed, the top layer of SSA was applied on it and subsequently cured. The wet thickness of the single SSA or Sylgard 184 layers was chosen to be 300 µm and for the composite films: 100 µm for Sylgard 184 and 320 µm for SSA. The thickness of the cured polymeric layers was determined with an optical microscope (VHX-2000, Keyence, Osaka, Japan). Measured values are indicated in Figure 1. For the MG 7-9800 film, a thickness of 170 ± 30 µm was determined, as shown in Figure 1A. The thickness of the composite film was 43 ± 11 µm for Sylgard 184 and 157 ± 22 µm for SSA, as shown in Figure 1B.




2.2. Protein Adsorption


Three different proteins were used for surface treatment: bovine serum albumin (BSA) (Carl ROTH, Karlsruhe, Germany), fibronectin from bovine plasma (FN) (Sigma Aldrich, Taufkirchen, Germany) and fibrinogen from bovine plasma (FG) (Sigma Aldrich, Taufkirchen, Germany). For cell culture experiments and tack tests, SSA films were incubated with 10 µg/mL of the proteins dissolved in ddH2O for one hour at 37 °C and 5% CO2. SSA films were incubated in ddH2O as a control. After the incubation time, samples were washed and subsequently dried for at least 30 min.



The amount of physically adsorbed protein was determined with a microBCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Circular areas fitting into a single well (approximately 9.4 cm2) of a 6 well plate (Greiner Bio-One, CELLSTAR, Frickenhausen, Germany) were excised from the films (including the PET foil) and placed into the wells. The protein solutions were prepared in ddH2O and the exact protein concentrations were determined with the microBCA test (three independent prepared solutions): 11.9 ± 3.7 µg/mL for albumin; 10.3 ± 4.8 µg/mL for fibronectin, and 8.3 ± 3.6 µg/mL for fibrinogen. To a single well containing a polymeric sample, 3 mL of the individual protein solution was added and incubated for one hour at 37 °C and 5% CO2. After removing the protein solutions, the samples were washed three times with deionized water to remove excess proteins. Next, 1 mL of 1% sodium dodecyl sulfate (SDS) prepared in ddH2O was added to each well for 20 min at 37 °C and 5% CO2. Then, 0.5 mL of each SDS solution was transferred to a reaction tube (Eppendorf, Hamburg, Germany) containing 0.5 mL microBCA working reagent. The tubes were placed in a thermomixer (Eppendorf, Hamburg, Germany) for 1 h at 60 °C and 300 rpm. Subsequently, the measurements were performed with a microplate reader (absorbance at 562 nm, SpectraMax 190, Molecular Devices, San Jose, CA, USA). In some experiments, the intensity of the control samples was higher than the staining of the protein treated films and was considered as artifacts. For this reason, these experiments were excluded from the final analysis. The staining of the control samples could be significantly reduced by washing the polymeric surface with water prior to protein deposition, indicating the importance of a pre-equilibration phase of the samples before protein treatment. Values are reported in ng/cm2 in the text and corresponding figure.




2.3. Cell Culture Experiments and Staining


The biological examination of the SSA films (protein treated, immersed in water, pristine) was performed using the murine fibroblast cell line L929. Cells were cultured in Roswell Park Memorial Institute (RPMI) basal medium, supplemented with 10% fetal bovine serum and penicillin/streptomycin at 37 °C and 5% CO2. The cultured cells were passaged according to standard procedures with Accutase (Capricorn Scientific, Ebsdorfergrund, Germany) and cell number was determined using a Neubauer chamber. Next, 6 × 104 cells were seeded directly on the polymers coated with fibronectin, fibrinogen, albumin and pristine polymers in 24 well plates. After a culture period of 48 h, phase contrast images were acquired before fixation with 4% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA, USA) for 25 min at room temperature. For the staining experiments, unspecific binding sites were blocked by incubating each well with 5% bovine serum albumin (BSA), 0.2% Triton X-100, PBS for 60 min at room temperature (RT). For visualization of the actin cytoskeleton, phalloidin conjugated Alexa-488 solution (1:160, Thermo Fisher Scientific, Waltham, MA, USA) was incubated for 3 h at room temperature or overnight at 4 °C. Hoechst Dye 33342 (1:1000, Sigma Aldrich, Taufkirchen, Germany) was used as a nuclear dye. For detection of focal adhesion sites, anti-phospho-FAKTyr397 monoclonal antibody (1:2000, Abcam, Cambridge, UK), followed by incubation with a secondary antibody (1:1000, Alexa Fluor 594 goat anti-rabbit, Thermo Fisher Scientific, Waltham, MA, USA) was used. The samples were embedded with mounting medium (Aqua-Poly/Mount, Polysciences Europe GmbH, Hirschberg, Germany) and images were acquired with a fluorescence microscope (Leica, Wetzlar, Germany), using the software Leica Application Suite X and post-processed with Image J. Exposure time and further settings (intensity, gain) were kept constant during acquisition. The post-processing was limited to the combination of the different fluorescence channels and adjustment of brightness values and contrast. The cellular area was calculated on phase contrast images using ImageJ.




2.4. Analysis of Adhesion Properties: Peel and Tack Test


Protein treated elastomeric films (manufactured as described in Section 2.2) and two control conditions (incubated in deionized water and pristine) were investigated. Samples were treated with protein or immersed in ddH2O for one hour, washed with deionized water, and stored for at least 24 h at room temperature allowing the surface to dry. The determination of tack and peel properties of the adhesive films was performed with a custom-built setup (macroscopic adhesion measurement device MAD, as shown in Figure S1a, see Supplementary Materials) [22,32]. Single layers of SSA on glass substrate or composite films on PET foil with an area of approximately 5 cm2 were affixed to glass slides with UV-glue (Bohle, Haan, Germany). The tack tests were performed with two flat, rigid glass substrates exhibiting different surface roughness. The “smooth” glass substrate exhibited an area of 3.2 mm2 and a mean peak-to-valley roughness of Rz = 0.12 ± 0.004 µm. For the manufacturing of the “rough” substrate, a small slice of frosted glass (Carl Roth, Karlsruhe, Germany) was mechanically cut and ground to attain a circular shape (area 6.07 mm2, Rz = 2.055 ± 0.017 µm). The machine compliance (C = 0.12 µm/mN) was determined and taken into account to correct the displacement during the adhesion measurements.



The samples were affixed to a holder and mounted on a tilting table allowing precise adjustment of the two surfaces. Attachment and detachment processes were observed with two cameras. The film was brought into contact with the substrate surface until a compressive preload stress σ0 of 13 ± 5 kPa was achieved. After a hold time of 1 s, the sample was retracted. The approach and detachment velocity were set to 30 and 10 µm/s, respectively. During the entire process of bond formation and retraction, the sample position s and the normal force F were recorded. Two parameters were chosen to describe the adhesive properties of the films—the maximum detachment force per contact area A or pull of stress, σmax=max(FA), and the work of separation Wsep=∫s0sendσds (s0: displacement at the start of detachment, send: displacement at completed detachment).



The set up was further modified to allow an investigation of the peel behavior of the polymeric films, as shown in Figure S1b. The measurements were limited to a flat square glass substrate with an area of 6 cm2 exhibiting similar roughness values to the rough glass used for the tack analysis. Only films treated with fibronectin and control conditions were selected for these experiments. Composite films (thickness: 43 ± 11 µm for Sylgard 184 and 157 ± 22 µm for SSA) were manufactured on PET foil. Strips with dimensions of about 2 cm × 0.5 cm were cut out and removed from the PET foil. The shorter side of the strip was affixed to an aluminum holder located on the load cell. A part of the film (area of approximately 1 cm × 0.5 cm) was brought into contact with the substrate. The strips were peeled off under an initial angle Ѳ ≈ 90° with a constant velocity of 50 µm/s. A time–force curve was recorded and the maximum peel force was used for further analysis.




2.5. Peel Tests on Explanted Mouse Tympanic Membrane


Peel tests on explanted mouse tympanic membranes were performed with a custom made peel tester to measure the adhesive strength of composite films as principally shown by Bundy et al. [33]. The different steps of attachment, adhesion, and peeling of the SSA-based patches are shown in Figure S2. The petrosal bone, including the tympanic cavity of mice, was prepared from 6 to 8 week old CBA/J mice. Sacrificing and preparation of mice for scientific purposes was in full accordance with the German Animal Welfare Law. The Animal Welfare Officer of the Saarland University, Germany had been informed in advance and the euthanasia methods were fully appropriate. Proper procedures were in place for minimizing discomfort, distress, and pain of experimental animals (mice). The tympanic sulcus was affixed to a glass substrate using a two-component methyl methacrylate (Technovit 4004, Kulzer Technik, Germany) while ensuring free oscillation of the eardrum. After curing, the glass substrate was mounted to a load cell (ME-Meßsysteme GmbH, Hennigsdorf, Germany, #KD34s 0.25N). Under visual control, adhesive films were cut in circular pieces with a diameter of 1.2 mm and applied to the tympanic membrane. They exhibited a thickness of 43 ± 11 µm for the Sylgard 184 backing layer and 157 ± 22 µm for the SSA top layer. Afterwards, the films were manually peeled off using tweezers, as shown in Figure 7A and Figure S2. As a reference material, a Sylgard 184 film with a thickness of approximately 40 µm was used. For comparison, commercially available silicone strips for clinical applications (bess pro, BM201001, Berlin, Germany) were tested in wet and dry conditions.




2.6. Statistical Analysis


For statistical analysis, SPSS (IBM SPSS Statistics 19) was used. For normal distributed data, a one-way analysis of variance (one-way ANOVA) was performed, followed by a Levene’s test to estimate homogeneity of variance. The Bonferroni and Dunnett test was used in case of variance equality and Games–Howell in case of variance inequality. Whenever the data was not normal distributed, a Kruskal–Wallis H test was used as a non-parametric method. A significance level of p = 0.05 was chosen for all tests. In all figures the error bars represent the standard deviation.





3. Results and Discussion


3.1. Physical Adsorption of Proteins on PDMS Surfaces


The adsorption ability of proteins on PDMS surfaces depends on various environmental factors, including incubation time, ionic strength, protein concentration, and surface free energy [16,34]. To determine the amount of bound protein, the physical adsorption of albumin, fibrinogen, and fibronectin onto the surface of SSA and Sylgard 184 was investigated, as shown in Figure 2.



After the incubation period, the highest protein amount of 309 ± 57 ng/cm2 was detected on the Sylgard 184 films coated with albumin. On the SSA films, an amount of 222 ± 32 ng/cm2 was observed, as shown in Figure 2. On films incubated with fibrinogen and fibronectin, comparable protein concentrations were measured (fibronectin: 179 ± 59 ng/cm2 on SSA versus 188 ± 100 ng/cm2 on Sylgard 184; fibrinogen: 195 ± 28 ng/cm2 on SSA versus 166 ± 62 ng/cm2 on Sylgard 184). The measured protein amount was in accordance to values reported in literature [17,23,35]. For example, Toworfe et al. reported an amount of 122 ng/cm2 after incubating for 1 h with 2.5 µg/mL fibronectin and 480 ng/cm2 after incubating with 10 µg/mL [23]. Statistical analysis for all three proteins revealed no significant difference while comparing Sylgard 184 to SSA, as shown in Figure 2. Using fluorescence conjugated albumin, we found previously that the protein adsorption capacity is comparable for Sylgard 184 and SSA MG 7-9800, which could be verified in the current study [22].




3.2. Cellular Adhesion and Spreading of Fibroblasts on Protein Functionalized PDMS Surfaces


To investigate if the protein amounts deposited on the elastomeric surface are sufficient to promote cellular adhesion and spreading, cell biological experiments with L929 fibroblasts were performed. Without any protein coverage, the cells were only weakly attached to the surface after 48 h, as shown in Figure 3D1. They presented minor extensions of lamellipodia and the cellular morphology was dominated by a compact, round appearance, as shown in Figure 3D1.



In order to visualize cell–substrate interactions, the presence of focal adhesion contacts to the substrate was verified with an antibody directed against focal adhesion kinase (FAK) phosphorylated at amino acid Tyr397, as shown in Figure 3D1.1. As expected from the phase contrast images, very few FAKTyr397 positive focal adhesive contacts were present in the pristine conditions, as shown in Figure 3D1.1. The morphology of cells cultured on albumin treated surfaces was similar to the pristine conditions, mostly dominated by cells weakly adhered to the surface, with few FAKTyr397 positive focal adhesion contacts, as shown in Figure 3A1,A1.1. Coating with fibrinogen and fibronectin promoted adhesion and spreading of the L929 cells on the SSA surface with formation of distinct FAKTyr397 positive focal adhesion contacts as well, as shown in Figure 3B1,C1,B1.1,C1.1.



Surface functionalization with albumin represents a medically relevant treatment to prevent especially bacterial adherence and to decrease in vitro platelet adhesion on polymeric materials and aortic prostheses [27,36]. Albumin coating of different materials has also been used to promote the adherence of several different eukaryotic cell types, including bone-marrow-derived mesenchymal stem cells and MC3T3-E1 osteoblast-like cells [37,38,39]. Importantly, cellular adhesion properties are strongly dependent on the albumin surface concentration and can also be influenced by UV treatment [37,39,40]. Additionally, to improve cellular adhesion, biomaterial surfaces can be coated with fibronectin or fibrinogen [13,41,42]. Experimentally, it was demonstrated that stent coating with these two proteins promote re-endothelialization after percutaneous coronary intervention [25].



Quantification of cellular spreading and adhesion is a sensitive and frequently applied technique to assess surface properties [23,43,44]. Here, the cellular area was determined to specifically investigate the effect of the different proteins on the cellular adhesion and spreading performance. We included two different conditions into this study—polymers were functionalized and used directly for cellular investigation (condition: acute), as shown in Figure 3A–E.



Secondly, the cells were seeded on polymers that had been immersed in water for seven days (condition: seven days), as shown in Figure 3F and Figure S3. With a mean cellular area of 1044 ± 347 µm2 (acute) and 1025 ± 373 µm2 (after seven days), the spreading of the cells was significantly higher for cells cultured on fibronectin compared to all other tested conditions (fibrinogen: 676 ± 151 µm2 (acute) and 691 ± 229 µm2 (after seven days); albumin: 506 ± 176 µm2 (acute) and 521 ± 171 µm2 (after seven days); pristine: 434 ± 125 µm2 (acute) and 365 ± 95 µm2 (after seven days), as shown in Figure 3E,F. The cellular contact to the fibronectin treated surface was strong without the occurrence of floating cells, even after brief mechanical stimulation (data not shown). Coating with fibronectin resulted in homogeneous cellular coverage of the entire polymer surface in contrast to the pristine condition, where only partial surface coverage was achieved, as shown in Figure 3E. Interestingly, the cellular morphology, regarding spreading and surface coverage, demonstrated no significant difference between acute and seven days of storage except for the non-treated condition. This indicates the presence of a sufficient protein amount to support cellular function even after seven days of storage, as shown in Figure 3E,F. It was already shown in the literature, that a wide range of protein concentrations can be used for coating different substrates [17,23,41,45] Toworfe et al. investigated the effect of physical adsorption of two different protein concentrations onto a PDMS surface in detail [23]. After incubating PDMS with a solution of 10 or 2.5 µg/mL led to a protein surface density of 480 and 122 ng/mL, respectively. Therein, no remarkable difference in the cellular area of MC3T3-E1 osteoblast cells, cultured on pristine PDMS that have been coated with either 10 or 2.5 µg/mL could be observed.




3.3. Tack Analysis of Adhesion Performance on Protein Functionalized SSA Films


To answer the question to which extent the functionalization of SSA films influences the macroscopic adhesion process, tack analysis was performed with two substrates possessing different surface roughness, as shown in Figure 4. All three protein coatings were analyzed in relation to pristine polymers and polymers immersed in ddH2O for 1 h at 37 °C. In all cases, higher substrate roughness resulted in statistically significant higher pull-off stress and work of separation, as shown in Figure 4. For example, focusing on the non-treated conditions, the pull-off stress increased by about 20% on the rough samples compared to the smooth sample, while the work of separation was approximately 60% higher. This increase might be explained by crack trapping effects due to the micro-roughness [46,47,48]. As described earlier, SSA exhibits cavitation and fibrillation while the materials elongate by up to 200% [22].



Especially for albumin and fibronectin, statistically significant effects on the adhesive performance were observed, as shown in Figure 4. A pull-off stress of 27.11 ± 6.1 kPa was detected on albumin coated surfaces with the smooth substrate, which is different to the values measured on pristine surfaces (24.87 ± 6 kPa) and also statistically different from films immersed solely in ddH2O (22.9 ± 3.2 kPa), as shown in Figure 4. A work of separation of 755.5 ± 100 mJ/m2 was measured with the smooth glass substrate on albumin functionalized films, demonstrating no significant difference to the control conditions (926 ± 225.9 mJ/m2 for pristine and 931.9 ± 257.6 mJ/m2 for H2O), as shown in Figure 4. Statistically significant differences were also observed for fibronectin treated surfaces and both control conditions, as shown in Figure 4. In contrast to albumin and fibronectin, we could not detect any significant influence of fibrinogen on the pull-off stress, as shown in Figure 4.



It is commonly assumed that van der Waals forces play an essential role in adhesion [49]. With an attractive potential proportional to 1/r6, where r is the distance between the interacting atoms, an intimate contact in the micro to nano range is necessary to achieve a notable attraction [50,51]. Therefore, interaction forces between two contacting materials can be positively or negatively affected by deposited particles or molecules between them [52,53,54]. Roughness and film thickness are critical mediators of the adhesive performance of soft elastomers [9]. We observed before, that for any application related to skin and tissue adhesion, the thickness of the adhesive layer should be taken carefully into account in relation to the surface roughness. Therefore, we selected a film thickness of 170 ± 30 µm, showing optimal adhesive performance on surface with a roughness up to Rz = 50 µm, being close to the roughness of human skin as well [9]. Here, a rough glass substrate with an Rz of 2.055 ± 0.017 µm has been selected, because we expected the roughness of the tympanic membrane to be smaller than values obtained for skin roughness and higher than the Rz = 0.12 ± 0.004 µm of the smooth glass.



Our results indicate that the adhesive performance was strongly affected by surface roughness. To the contrary, protein treatment induced only a slight influence on the adhesive properties of the films on both substrates. Focusing on the rough substrate and only comparing the water condition and the protein treated surfaces, we observed a significantly higher pull-off stress for albumin, while no influence was detected for fibrinogen and fibronectin. We conclude that the adhesion, determined by tack analysis, was not strongly influenced by protein treatment.




3.4. Tack and Peel Analysis of Protein Functionalized Composite Films


Due to the outstanding ability of fibronectin to promote cellular adhesion and spreading, as shown in Section 3.2, the tack and peel testing experiments with a rough substrate were restricted to fibronectin treated composite films and control conditions. A maximum pull-off stress of 39 ± 6 kPa was detected on fibronectin treated films, as shown in Figure 5. Comparable values were observed on non-treated films (43 ± 8 kPa) or films incubated in water (37 ± 8 kPa), as shown in Figure 5A. Statistical analysis revealed no significant difference while comparing all three conditions to each other, as shown in Figure 5A. The work of separation of the water immersed samples (1.3 ± 0.5 J/m2) and the fibronectin treated films (1.4 ± 0.5 J/m2) was significantly lower compared to 2.9 ± 2.3 J/m2 determined on the pristine film, as shown in Figure 5B.



While the tack analysis performed with a cylindrical flat-ended probe imposes a well-defined loading on the adhesive film, it does not provide detailed information on the steady state crack propagation during detachment [55]. Therefore, peel tests were performed with the composite films on a glass substrate exhibiting similar roughness as the substrate used for the tack analysis, as shown in Figure 6.



A maximum peel strength of 36 ± 10 N/m was detected on the pristine films, which was comparable to the water treated films (37 ± 14 N/m). A decrease of the peel strength to 29 ± 15 N/m was observed on the fibronectin treated films, as shown in Figure 6. No statistically significant difference was observed while comparing the three conditions.



The film de-bonding process from the substrate can occur by different mechanisms and can involve an extensive deformation in the bulk region of the film, significantly affecting the energy dissipation [55]. Peel tests are usually performed at angles Ѳ = 90° or Ѳ = 180°, where the force and work of detachment usually increases with increasing Ѳ [56]. In our experiments, films were peeled at a constant velocity of 50 µm/s and at a starting angle of Ѳ = 90°. Towards termination of the peel off process, Ѳ decreased typically to approximately 80° and 70°. We concluded that the adhesive performance of the composite films analyzed with tack tests were comparable to the single layer films investigated in Section 3.3 and a slight, but statistical non-significant decrease in peel strength was detectable after fibronectin coating.




3.5. Peel Analysis of Protein Functionalized Composite Films on Explanted Tympanic Membranes


To test the adhesive properties of composite films on tissue, isolated murine tympanic membranes were chosen as model system, as shown in Figure 7A,B. Peeling of the composite films with a nearly constant velocity indicated a strong attachment of the SSA samples to tissue in contrast to commercially available silicone strips, as shown in Figure 7C. We also used Sylgard 184 films, exhibiting comparable conformation abilities as the SSA-based patches but lacking the adhesive properties of the SSA as a further control. Quantitative analysis indicates significantly improved adhesion of the SSA-based patches compared to conventional silicone strips, as shown in Figure 7D. A maximum peel force of 1.7 ± 1.0 mN was observed for Sylgard 184, significantly higher than the values measured for silicone strips (0.3 ± 0.2 mN for the dry state and 0.8 ± 0.7 mN for the wet state), as shown in Figure 7D. All three SSA-based patches (pristine: 4.9 ± 2.2 mN; water: 4.2 ± 2.8 mN; fibronectin: 4.5 ± 2.6 mN) displayed significantly higher maximum peel forces compared to the control conditions without damaging the tympanic membrane during detachment, as shown in Figure 7D.



Here, we investigated the properties of a dry adhesive possessing a sensitive bonding and de-bonding mechanism, allowing reliable long-term attachment and re-positioning during a medical treatment, which will be the subject of further studies.





4. Conclusions


We investigated the adhesive performance of self-adhesive elastomeric films for sensitive adhesion to tissue. The results show that the SSA-based films can be functionalized by physical protein adsorption with only a slight impact on the adhesive performance analyzed by tack tests and peel tests using two different substrates. In particular, a fibronectin coating of the SSA surface significantly improves the cellular interaction of L929 murine fibroblasts with the polymeric surface and has been used for further experiments. The composite materials designed in the current study have been successfully attached to murine explanted ear drums and the adhesive performance has been demonstrated with a peel test. The composite films might represent a promising therapeutic option for the treatment of tympanic membrane perforations.
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Figure 1. Schematic representation of the polymeric samples: soft skin adhesive (SSA) MG 7-9800 was applied on a glass surface (A) or manufactured as a composite film on a PET foil (B). 
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Figure 2. Protein adsorption on polymeric surfaces: Sylgard 184 and SSA single layers manufactured on PET foil were incubated in solutions of albumin (11.9 ± 3.7 µg/mL), fibronectin (10.3 ± 4.8 µg/mL), and fibrinogen (8.3 ± 3.6 µg/mL) for one hour at 37 °C. The amount of physically adsorbed protein was determined with microBCA spectrophotometric analysis and normalized to the surface area. Number of independently performed experiments n = 3. Statistical analysis revealed no difference while comparing SSA to Sylgard 184. 
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Figure 3. Cellular response to the protein coating on the elastomer films. L929 murine fibroblasts were cultured on SSA films coated with albumin (A1, A1.1), fibronectin (B1, B1.1), fibrinogen (C1, C1.1), and non-treated (pristine) polymeric surface (D1, D1.1). Phase contrast pictures were acquired after a culture period of 48 h (A1, B1, C1, D1). Additionally, the cells were stained with an anti phospho-FAKTyr397 antibody to visualize focal adhesion contacts (red). The actin cytoskeleton (green) and cellular nuclei (blue) were stained (A1.1, B1.1, C1.1, and D1.1). Cellular spreading was determined on films that have been directly used for cell culture (E) and on films stored for seven days in ddH2O at 37 °C before seeding the cells (F) (see also Figure S3). Number of independent experiments: n = 3 for the fluorescence analysis; n = 4 for the determination of the cellular area. Scale bar in A1, B1, C1, D1 = 100 µm; scale bar in A1.1, B1.1, C1.1, D1.1 = 25 µm. At a specific time point, statistically significant differences were detected between all conditions. Furthermore, no significant difference could be detected while comparing both time points (acute versus seven days, indicated by an asterisk, p ≤ 0.05). 
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Figure 4. Determination of characteristic adhesion parameters by normal tack analysis. Pull-off stress (A,B) and work of separation (C,D) of SSA films were determined with two glass substrates with different surface roughness (glass smooth (A,C) RZ = 0.12 ± 0.004 µm; glass rough (B,D) RZ = 2.055 ± 0.017 µm) and constant retraction velocity of 10 µm/s. Films were functionalized with fibronectin, fibrinogen, and albumin and compared to control conditions (films immersed in water or non-treated). All films exhibited a thickness of 170 ± 30 µm. Comparable pull-off forces and work of separation were detectable within each group. Number of independent experiments: n = 3. * indicates p ≤ 0.05. Original data is included in Supplementary Table S1. 
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Figure 5. Normal tack analysis of composite films. The films consist of a Sylgard 184 backing layer with a thickness of 43 ± 11 µm and SSA layer exhibiting a thickness of 157 ± 22 µm. Max pull-off stress (A) and work of separation (B) were determined using a rough glass substrate. Number of independent experiments n = 3. Original data is included in Supplementary Table S2. * indicates p ≤ 0.05. 
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Figure 6. Maximum strength during peel test (F/b) of composite films on a rough glass substrate. (F/b): F indicates the peel force; b indicates the width of the film (0.5 cm). Three conditions were investigated: pristine, stored in ddH2O, and coated with fibronectin. The polymeric films were cut into small strips with the dimensions 2 cm × 0.5 cm. During the measurements, the peeling angle decreased from a starting angle of Ѳ ≈ 90° to Ѳ ≈ 70°–80°. Number of independent experiments n = 3. Original data is included in Supplementary Table S3. Statistical analysis revealed no difference between the three conditions. 
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Figure 7. Peel analysis of composite films attached to isolated murine tympanic membranes. For the ex vivo peel tests, tympanic membranes with surrounding bone structures were affixed on a load cell as schematically shown (A). The circular films with a diameter of 1.2 mm were manually attached to the tissue (arrow in (B)). Peel adhesion of the fibronectin functionalized SSA films were compared to pristine and ddH2O treated films. Wet and dry silicone strips and a Sylgard 184 thin film were included as further references. Exemplary peel force analysis for each condition is displayed in (C). The maximum peel forces of all analyzed conditions are presented in (D). Number of independently performed analyses n = 3. Scale bar in B represents 1 mm. Original data is included in Supplementary Table S4. * indicates p ≤ 0.05. 
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